INTRODUCTION
It is accepted that the same features of microstructure that dominate a, attenuation of ultrasonic waves also determine mechanical propertics of industrial materials. For example, in polycrystalline metals the grain size greatly influences both ultrasonic attenuation [1] [2] [3] [4] and material strength, ductility, toughness and formability [5] . Since ultrasonic inspection is less expensive than the destructive tests required to assess mcchanieal properties many analytical and experimental studies have been directed at establishing whether and how features of microstructure may be inferred from ultrasonic inspection data. One significant contribution to attenuation in polycrystalline materials is scattering by the grains [1, 2] and precipitates [6] . This results from intcraction with material defects comparable to one wavelength A in size, such as grain boundaries. Scattering depends on size, shapc, orientation and anisotropy of the grains, and the structure, thickness and chemistry of their boundaries. The standard assumptions used when modeling grain scattering are that the discontinuity of the grain boundary is of elastic nature; an individual grain scatterer has a simple shapc with the mean grain size D; the grains arc randomly located and randomly oriented; the number of grains is large; and the scatter from individual grains is not coherent.
Using these assumptions, thrce major scattering regimes havc been identified. The first regime in which A ~ D is called Rayleigh, since scatter of waves with a large wavelength by a small sphere was first described in [7] . The application of Rayleigh's formula obviously involves an additional assumption that the scattcred energy is sufficiently small, so that multiple scattering effects may be neglected. Thc second regime is called stochastic to indicate that when A ~ D the Huygens (spherical) wavelets which emanate from the same area of the incident plane wave front travel through randomly oriented individual grains, thus changing their velocity in a random manner and arriving at the recciver with randomly distributed phases. The third regime is called geometrical to indicate that when A « D the ray elastodynamics applies. Note that the last two models do not rely on the single scattering assumption.
In the Rayleigh regime the dimcnsionless scattering DO! is proportional to the fourth power of D and the ultrasonic frequency f = vi A, where v is the speed of of sound [1] [2] [3] [4] (the third power if the scatterers are cylindrical - [8] ), in the stochastic regime to the second power of D and f [9] and in the diffusion regime it is a constant [1, 2] .
In [3, 4] the theoretical analysis of [10] was adapted to produce quantitative confirmation for the Rayleigh and stochastic regimes by taking into consideration losses which are due to the mode conversion at the grain boundaries. It was stated that similar description could be adopted for characterizing steel alloys, even though unlike with the pure metals, their material constants could not be estimated analytically. This is not entirely consistent with the findings in [11] where it was argued that in steels the j2-term often dominates. Further difficulties associated with interpreting al f I D experiments in terms of the scattering regimes have been highlighted e.g. in [12] [13] [14] [15] [16] [17] . In [12] allowances are described that have to be made to take into account the effect of the boundary conditions and the energy absorbed by the transducer from each succeeding echo. In [13] [14] [15] [16] it is pointed out that this model fails at lower frequencies where beam spread losses become prominent. In [15] it is argued that in some cases, the al f curves can be corrected for beam spread by extrapolating their high frequency portions -if these involve the Rayleigh or stochastic regimes. In [17] the attention is drawn to additional problems associated with the presence of absorption, grain size distribution and grain substructure. Absorption is conversion of acoustic energy into heat and can be linked to anelastic behavior of solids which is due to inhomogeneities on a much finer scale than D.
Thus, there is a lot of controversy in the literature as to the significance of various absorption mechanisms as well as to the limits of applicability of thresholds between attenuation regimes. Nevertheless, we believe that the framework may yet prove fruitful by generalizing the suggestion in [18] and [15] and assuming that al f I D data may be described in terms of dimensionless parameters related by a power law and a generalized material constant dependent on the whole multitude of microstructural parameters. To be more precise, we assume that the dimensionless attenuation is a function of the dimensionless parameter DIA, Da = R(DIA). We then introduce a hypothesis that this dependence is in the form of a piece-wise power law, so that there are several D I A-regimes, where one power law dominates, i.e. we have 
and then plotting vdaldf versus DIA on the log-log scale. It is well known that derivatives are sensitive to experimental errors and thus are less reliable than the data that have not been differentiated. However, this can be taken into account in data and error analysis, and also daldf happens to be a variable which is measured more accurately in al f I D experiments than a itself (the form of the LHS in (2) has been chosen to reflect this fact). This variable had been used for attenuation data analysis previously [19, 20] . Note too that substituting (1) into (2) gives
where different regimes differ only by the values of constants Ao = A I/Vll/ I and I/o = (1/1 -1) / 1/1' This form of the piece-wise power law hypothesis proves of interest below. It is important to realize that if the hypothesis (1) is correct, then both hypotheses (2) and (3) are equivalent to it. On the other hand, in some situations, say if a contains extra terms, the other two hypotheses might produce a smaller or more normally distributed model error. This realization lies behind the idea of exploratory data analysis routinely used in System Identification (a part of control theory) at the stage of Model Structure Identification.
The above considerations apply even when there are more than two independent parameters. Indeed, let there be, say, two characteristic scales, D and D I . Then there exists a function R, such that Da = R(DI/ D, D / A). If plotting Da on the log-log scale versus one of its dimensionless parameters, say, D / A produces a universal piece-wise straight line, then for D / A the piece-wise power law is confirmed and other parameters may be neglected. If this exercise produces a host of parallel straight segments, then the power-law assumption is correct for D / A, but dependence on Dt/ D should be investigated further.
EXPLORATORY DATA ANALYSIS
We undertook a thorough literature search and analyzed all the relevant a/ f / D data we uncovered. These were extracted from [1] [2] [3] [4] , [8] , [21] and [22] and the usual families of curves a(/) parameterized by D are presented on the right of Fig. 1 . It is assumed throughout that during the experiments the only structure parameter that is varied is the mean grain size. To simplify the presentation we group thr experiments under discussion into three different classes, 1) attenuation of L (longitudinal) ultrasonic waves in the steel rods, 2) the rods of pure metals, and finally 3) attenuation of S (shear) ultrasonic waves in the rods of pure metals (not presented in this report but see [23] ). The grouping reflects the facts that the structure of steels is more difficult to model theoretically, and that the attenuation of shear wave is easier to measure (its polarization is nearly parallel to the rod walls and thus on reflection from these walls no mode conversion takes place - [1] ).
On the right of Fig. 1 we re-plot the a/ f / D data using standard dimensionless variables Da and D / A. The straight segments are drawn to indicate the preferential slope. It is clear that the universal piece-wise power law is confirmed for D / A. Moreover, the considerations offered at the end of the Introduction suggest that Da depends on at least one other dimensionless combination involving at least one other spatial scale.
I t is also clear that D / A < 1 for all the analyzed data, and therefore, one would expect at least some of them to lie in the Rayleigh scattering regime. However, the straight segments drawn in Fig. 1 show that most measurements are reasonably well described by the second power law -for the pure metals as well as steels -even though some data appear to lie in other regimes: In particular, when D / A < 0.3, Merkulov's iron rods are best modeled by the fourth power law. The fact that 1/\ is mostly 2 suggests that the scattering law is mostly other than Rayleigh's or that most attenuation is caused by mechanisms other than scattering. This conclusion is rather unexpected. Even more unexpectedly, a more powerful universality emerges if the above data are re-plotted again, using Eq. (3). This particular model structure had been arrived at via exploratory data analysis which involved testing various equivalent versions of the piece-wise pow,fr law hypothesis. It allows a convenient Fig. 2a . Note that data for both steels and pure metals are utilized. One could attempt to fit these data using the ordinary linear regression and choosing vdal df as the regression variable. Then we have Vo = 1 ± 3%, log Ao = -1.4 ± 3%, q = 0.89, (4) where q is the correlation coefficient (Fig. 2 b) . It is important to choose vdaldf as the regression variable because linear regression gives unbiased estimates only under the assumptions that there are enough experimental data points, the regression variable is known exactly, the regression parameters are constant and the error on the dependent variable is zero mean and normally distributed. Even with the above choice, these conditions may be violated: Indeed, the data in Fig. 2 could be fitted with one line representing the fourth power law, but the graphs presented in Fig. 1 show that when data for different materials are fitted separately, in most experiments under consideration the predominant regime is different to Rayleigh's. It is the scrambling of the data (which masks the parameter variation from one group of materials to another) that produces the illusion of the Rayleigh law. Other authors arrive at erroneous conclusions by analyzing too few experimental points. Thus, the fitting which does not involve testing the assumptions underlying the linear regression algorithm may confuse the physics. A more refined approach is to use the data compartmentalization as presented in Fig. 1 and gives the value of VI = 2. This suggests that Vo = 0.5. Using this insight we can identify the two segments presented in Fig. 2 by re-grouping the data again, now into two dasses of materials, 1) those for which log vdo:/ df > -1.5, and 2) those for which log vdo:/ df < -1.5. Of course, this type of grouping is consistent with the earlier representations, given in Figs. 1. These show that in the materials of the second group the attenuation itself is very low; their generalized material constant A is very small. Note that the materials in question are t.he NiMoV steel used by Serabian [21] , martensitic and bainitic steels used by Papadakis [8] , and aluminum and magnesium used in by Mason and McSkimmin [1, 2J and Merkulov [3 , 4J. The fact. that different authors produce similar results for magnesium rods suggests that we are dealing with genuine differences in material properties rather than differences in experimental procedure.
Finally, the visual inspection of Fig. 1 shows that not all the data in those classes are described by the second power law, other regimes are present as well at. lower and higher values of vdo:/dj. Selecting those that are and performing the fitting, we obtain for the smaller attenuations Vo = 0.6 ± 1%, log Ao = -1 ± 5%, q = 0.99.
(5)
and for the larger, Vo = 0.6 ± 5%, log Ao = 1 ± 5%, q = 0.99.
(6)
The above correlation coefficients are higher than in (4) . The values of Vo are dose to 0.5, particularly, if it is taken into the account that the estimates of standard deviation in parameters are sensitive to error distribution and thus, are not very reliable (they also deteriorate with decreasing number of observations). The fact that. the differences in the generalized material constant do not appear large within each group may be explained by comparing (2) to (3). We can see that when using the log-log scale, the last formula leads to halving of the differences in intercepts. Finally, other regimes which are not described by the square law are indicated in Fig. 2a as wei\. They correspond to regions where vdo:/df is excessively high (over 1) or low (nnder 0.001) .
There is an interesting analogy with the fracture mechanics: It has been known for a long t.ime that for any given material the family of curves describing t.he relationship between the length of fracture f and the number of loading cycles N which is parameterized with the maximum magnitude of cyclic load a may be re-plotted as one universal graph when variables dejdN and intensity factor 11K == a.../i. are used. It transpires that in both fracture mechanics and ultrasonic inspection, a universal representation is achieved by plotting a "kinetic" variable which represents the rate of change of the main measured quantity (df/N or da/d).-1 respectively) versus the product of a power of the main measured quantity ((1/2 or a respectively) and a parameter which is specific to the experiment (a or D respectively). In both situations major portions of the universal graphs are well described by power-type laws. Most applications in fracture mechanics rely on the kinetic diagram with only one major linear portion. Similarly to our case, the presence of two such portions becomes apparent only on testing a large number of samples and statistical data analysis supported by analysis of damage mechanisms (Botvina [23] ).
PRACTICAL APPLICATION OF THE NEW APPROACH
It is easy to see that given a rod of a polycrystalline material and aU) data covering a range of frequencies, the universal graph presented in Fig. 2a can be used to establish the mean grain size of this material. Indeed, all we have to do is apply the following procedure:
1. Assume speed of propagation 5.82 km/s for Land 3.06 km/s for S waves (the speed is not as sensitive to microstructure as attenuation). Assume D = 0.3 mrn.
Compute the derivative da/df.

Plot log vda/df vis log Da using the assumed values of v and D.
4. Establish whether the above plot contains the j2-portion.
5.
If yes, translate it horizontally to fit the universal graph; choose a point which lies on both the translated plot and the universal graph, and use the corresponding vdn/df and a values to identify the mean grain size D.
It is also easy to check by inspection of Fig. 2a that this procedure may produce a very high level of accuracy; an error of 10 -20 % rising to 100 % for the lower mean grain sizes (the iron data with D < 0.3 mm should not be taken into account, since as we mentioned above, these data appear to be consistent with the hypothesis of Rayleigh's scattering). Thus, our accuracy is comparable with that reported in [25] without having to adhere to the Rayleigh regime or choose a standard specimen (cf. [8] ). In some cases the accuracy may be even as high as that reported in [26] where a much more elaborate schedule is advocated. We believe that in most cases it cannot deteriorate by much. Indeed, a careful study of the data published by Papadakis [27] show t.hat for L waves our generalized material constants are very close to his stochastic scattering factors. For example, his value for this factor for aluminum is 0.05, which is consistent with the corresponding intercept of -1.6 in Fig. 2a . Similarly, for copper this factor is about 44 times higher, again in accordance with Fig. 2a . With the exception of tungsten and lead, all other metals ment.ioned in that table fall into the two identified groups. This leads us to believe that the majority of metals should be described by out universal graph well. By the same token if a specimen under test exhibits an excessively high (over 1) or excessively low (under 0.001) value of vda/ df this would indicate that using mIr universal graph might not give reliable results.
DISCUSSION
It has been shown that practically all published ultrasonic data pertaining to attenuation of ultrasonic waves in polycrystalline materials, both pure metals and alloys, may be described by one universal piece-wise linear graph which represents a relationship between two dimensionless variables, log Da and log v da/df and is described by the following equation
10 Da = {2 log vda/df + 1 g 2 log vda/df -1 if log vda/ df < -1.5, if log vda/ df > -1.5.
(7)
Although it cannot be proven that all the new data will always exhibit the same behavior it seems remarkable that all the data we could find do. This suggests that the above graph has immediate practical applications:
1. Its independence of the material is a novel and useful feature, since it does not appear feasible to establish universal threshold values which separate the traditional attenuation regimes. In particular, these might vary with the minimum and maximum grain size.
2. It has been shown that the universal graph may be employed to estimate the mean grain size D using ultrasonic attenuation measurements, without recourse to standard specimens or measurements of material constants. The standard deviation in the mean grain size is estimated to be 10 -20 %, rising to 100 % at the lower mean grain sizes. Excessively high (over 1) or excessively low (under 0.001) values of vda/ df would indicate that the procedure might not give reliable results.
3. The metallographic techniques for measurement of the mean grain size are a subject of much controversy. The proposed graph might be used as an additional argument when validating the metallographic measurements of this nature.
From the fundamental point of view our results appear interesting as well: The slope of the linear portions of the universal graph is consistent with Da being proportional to the second power of D /,\ for all materials under consideration but Merkulov's iron, even though the data lie in the parameter range where Rayleigh's scattering is expected. The frequent occurence of the second power law in steels has been noted by Papadakis before; Mason and McSkimmin remarked themselves that their data on aluminum with grain size 0.23 mm could be fitted rather well using the square law; and we have discovered a similar situation when working with ceramics data [28J. However, the predominance of this law has never been spelled out before. The law can be due to several different physical mechanisms, stochastic scattering, dislocation damping, molecular relaxation of frequency above the experimental range, thermo-elastic loss etc. The grain size distribution which follows a power law could be responsible for the effect as well (see the results obtained in [29] ), but it seems unlikely that all grain distributions may be thus described. Moreover, the power-law distributions do not imply additional characteristic scales and our results presented in Fig. 1 suggest that an extra spatial scale is involved.
Since many authors believe that in most of the megahertz regime absorption effects are negligible (in particular, see [16] ), this narrows the problem down to the model of scattering. Most specialists on scattering would question the assumption of single scattering when dealing with polycrystalline materials. This suspicion is supported by the fact that although the stochastic scattering factors listed in [27] do not exhibit dependence on other scales, a weak dependence of this nature is likely, say, if the assumption of incoherence is relaxed and the correlation length characterizing the autocorrelation function for the scattered field is introduced. This is particularly plausible because the stochastic scattering model often underestimates the level of scatter by as much as a factor of 2 (ibid). Unfortunately, at present there appears to be no better than the stochastic scattering model of multiple scattering by closely packed strong scatterers against which our conclusion may be tested. Further clarification may be achieved only on carrying out a series of carefully planned experiments which cover a wide range of frequencies, materials and microstructures.
